Abstract. It has been known that the successful reprogramming of differentiated human somatic cells into a pluripotent state would allow for the creation of cartilage cells. However, current virus-mediated strategies to form induced pluripotent stem cells (iPSCs) are limited in their clinical application due to exogenous gene modification. In the present study, the piggyBac transposon system carrying corresponding genes (Oct3/4, Klf4, Sox2 and c-Myc) was employed to reprogram rat embryonic fibroblasts (REFs) into iPSCs, and the transposon-carried genes were successfully removed by a transposase system. Furthermore, the differentiation capacity of the iPSCs into chondrocytes was investigated in vitro. A typical chondrocyte marker, collagen-II, was expressed following culture. In conclusion, rat iPSCs without genetic modification were obtained from REFs using the piggyBac transposon system and the transposase mPB system, and these cells possessed the capacity of chondrocyte differentiation, suggesting that this method may be an effective approach for the treatment of cartilage disorders in the future.
Introduction
Cartilage injuries remain a major clinical problem due to the poor self-healing ability of articular cartilage (1) . Despite recent cell-engineering advances, the treatment of cartilage injuries has remained challenging. As chondrocytes have a limited capability of regeneration, it is necessary to obtain a sufficient number of chondrocytes in vitro for repairing traumatic joint surface lesions. Although stem cell transplantation therapy using mesenchymal stem cells (MSCs) has been considered a prominent strategy, the major problem of limited proliferative capacity of autologous cells remains to be addressed (2) .
It is well-established that the successful reprogramming of differentiated human somatic cells into a pluripotent state would allow for the creation of patient-and disease-specific stem cells. Since Takahashi et al (3) demonstrated that fibroblasts were reprogrammed into induced pluripotent stem cells (iPSCs) by defined transcription factors, numerous differentiation strategies have been applied to reprogram mature cells into a single-or pluripotent stem cells, including hematopoietic cells (4), cardiomyocytes (5), neural progenitors (6), liver cells (7) and hepatic stem cells (8) . A number of studies have suggested iPSCs as alternative candidates for the treatment of numerous disorders (9) (10) (11) . Previously, Teramura et al (2) demonstrated that the properties of iPSCs render them suitable alternative candidates for the treatment of articular disorders and suggested an effective approach for preparing chondrocytes from iPSCs.
Additionally, current strategies of virus-mediated formation of iPSCs are markedly limited in their clinical application (12, 13) . Other approaches, including a plasmid transfection method, are able to obtain mouse iPSCs directly without exogenous gene modification (12) . However, the efficiency of such strategies is markedly low and with poor operability, due to the low probability of its successful integration into the cellular genome (12) . Previously, Yusa et al (13) described an efficient piggyBac transposon-based approach to generate integration-free iPSCs. The transposons carrying 2A peptide-linked reprogramming factors induced reprogramming of mouse embryonic fibroblasts (MEF) with equivalent efficiencies to retroviral transduction. To date, there are a limited number of studies using this piggyBac transposon-based approach to reprogram rat embryonic fibroblasts (REF) to iPSCs without any genetic alteration (13) .
Therefore, the aim of the present study was to apply a piggyBac transposon-based approach to reprogram REF into iPSCs, and subsequently to investigate its capacity of chondrocyte differentiation in vitro.
Materials and methods

Reprogramming of REF using transposon vectors.
The present study was approved by the Ethics Committee of Fudan University (Shanghai, China). REF were isolated from embry-onic day (E)14.5 Sprague-Dawley rat embryos. The pregnant rats were obtained from Shanghai Laboratory Animal Center, CAS (Shanghai, China). REFs were cultured in Dulbecco's modified Eagle's medium (DMEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco-BRL, Carlsbad, CA, USA). For the generation of iPSCs, REF were plated onto a 35-mm dish (5x10 5 cells per well) 1 day prior to transfection. The next day, 3 µg pCMV-mPBase and plasmids pPB-CAG.OSKM-puΔtk or pPB-CAG.OSKML-puΔtk (donated by the Wellcome Trust Sanger Institute, Hinxton, UK) containing the piggyBac transposon were transfected using Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad CA, USA) according to the manufacturer's instructions. Following one day, the REF were trypsinized and re-plated onto L-wnt3a feeder layers at a ratio of 1:10 in REF medium. The medium was replaced every other day. Following seven days, the medium was changed to N2B27 medium [1:1 mixture of N2 medium (DMEM/F12, N2 supplement) and B27 medium (Neurobasal medium, B27 supplement)] supplemented with 0.1 mM 2-mercaptoethanol (Invitrogen Life Technologies), 2 mM l-glut amine (Invitrogen Life Technologies), 1X non-essential amino acids (EMD Millipore, Billerica, MA, USA) and 1,000 U/ml hLIF 1 mM MEK1/2 (mitogen activated protein kinase kinase 1/2) inhibitor PD0325901 (Selleck Chemicals, Shanghai, China). Following 14 days, the colonies were stained using the alkaline phosphatase (AP) detection kit (Sigma-Aldrich, St. Louis, MO, USA) and counted, selected and further expanded. Quantitative polymerase chain reaction (qPCR) and western blot analysis. Total RNA was extracted by using TRIzol reagent (Invitrogen Life Technologies). RNA was reverse-transcribed with random primer using SuperScript III (Takara Bio Inc., Table I . Primer sequences used for polymerase chain reaction.
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Shiga, Japan) according to the manufacturer's instructions. qPCR was performed using SYBRgreen PCR Master Mix (Takara Bio Inc.) on the ABI7500 system (Applied Biosystems Life Technologies, Foster City, CA, USA) according to the manufacturer's instructions; the primers are listed in Table I . The expanded colonies were collected and suspended in radioimmunoprecipitation buffer (Sangon Biotech Co., Ltd., Shanghai, China) and the proteins were separated on electrophoresis gels. The protein blots were analyzed using antibodies against Oct4 (sc-8628; Santa Cruz Biotechnology, Inc.), Nanog (ab80892; Abcam) or to GAPDH (mouse monoclonal; Sigma-Aldrich).
Protein transduction and transposon removal from primary iPSCs.
The expression vector PCDH-cPP-mPB-HIS contains a nuclear localization sequence and protein transduction domain consisting of nine arginine residues (9R) cPP at the N-terminus and a HIS tag at the C-terminus of the transposase (mPB) protein. This expression cassette was assembled by standard PCR methods (13) . Expression in 293T and purification of PCDH-cPP-mPB-HIS was performed as described previously (14) . Protein transduction was performed with rat iPSCs on L-wnt3a feeder cells using 2 mM recombinant protein for 6 h. Approximately 6x10 5 cells were then seeded into 10-cm dishes containing feeder cells following three days of culture. The next day, 0.2 µM fialuridine (FIAU) was added and the selection was continued for 10 days. The resulting colonies were selected and expanded, and then the transposon was removed. Transposon removal was identified by genomic PCR. Primers for PCR are listed in Table II .
Differentiation of embryoid bodys (EBs).
Aliquots of 25 µl differentiation medium (10% FBS; Invitrogen Life Technologies) containing 1,000 cells were cultivated in 'hanging drops' for 2 days and subsequently in suspension in petri dishes for an additional three days. The combination of bone morphogenetic protein-2 (BMP-2; 15 ng/ml; Invitrogen Life Technologies) and tumor growth factor-1 (TGF-1; 2 ng/ml; Invitrogen Life Technologies) which enhanced chondrogenic differentiation efficiency was added to the medium during the suspension phase. The EBs were plated onto 0.1% gelatin-coated 24-well plates for Alcian blue staining or immunostaining, and onto 35-mm dishes for total RNA isolation. Alcian blue staining was performed as described previously (15) . Immunostaining and qPCR were performed as aforementioned. The primers for PCR are listed in Table III .
Results
Formation of iPSCs. Following 14 days, colonies with an embryonic stem (ES)-like morphology were observed in REFs transfected with PB-OSKM (Fig. 1A) , which also stained positive with alkaline phosphatase (AP) (Fig. 1E) . Following being supplemented with 1 µM PD0325901, the colonies remained intact at 21 days (Fig. 1B) . At 35 days, its shape was large and round with clear boundaries (Fig. 1C) , which was very similar to the shape of rat ES (Fig. 1D) . However, the empty vehicle control group (Fig. 1F ) exhibited no clone formation at any time.
iPSC clone identification. In the present study, three clones were selected for examining the associated genes. The immunostaining ( Fig. 2A) and western blotting results (Fig. 2B) revealed that the cells were positive for surface marker genes, including Oct4, Nanog and SSEA1. These findings indicated that the iPSCs were similar to rat ES regarding their biological characteristics. qPCR analysis (Fig. 2C) indicated that the clones exhibited lower expression levels of IRX3, Maf and Hoax5 compared with REF, while Oct4, nanog, Ramp2, Sox2 and Sal3 were expressed at higher levels in the clones Transposon removal from primary iPSCs. In order to further examine whether the tranposase mPB system may enter into the cells to remove piggyBac-carried genes, the piggyBac-green fluorescent protein (GFP) plasmid was transduced into 293T cells (Fig. 3A) . Following 48 h, 0.2 µg/ml of the mPB protein was added for 8 h. Approximately 70% of the GFP was removed following 48 h (Fig. 3B) , indicating the mPB protein had the capability to remove piggyBac transposon-carrying genes efficiently. Following adding FIAU, the cells without gene removal gradually died, while the cells with gene removal were able to survive. Finally, the iPSC clones without genetic modification were obtained (Fig. 3C) .
Chondrogenic differentiation of reprogrammed iPSCs.
In EB outgrowths derived from iPSCs, numerous Alcian blue-stained regions were found, indicating the presence of acidic proteoglycans ( Fig. 4A and B) . Acidic proteoglycans were suggestive for cartilaginous tissue. The cells in these areas produced collagen II as demonstrated by immunostaining ( Fig. 4C and D) . qPCR analysis demonstrated that genes encoding transcription factors involved in mesenchymal differentiation, including extracellular matrix proteins of cartilage tissue (Type II collagen, aggrecan) were found to be expressed in EBs during culture (Fig. 4E) . On the 20th day of culture time, the expression levels of Type II were highest.
Discussion
In the present study, piggyBac plasmid (carrying four or five genes) and transposase mPB system were applied to obtain rat iPSCs. Particularly, the transposase mPB system was used to successfully remove the transposons-carried genes to obtain the iPSCs without genetic modification. The preliminary study also revealed that iPSCs differentiate into chondrocytes in vitro.
Previously, the formation of iPSCs mostly depended on the mediation of virus (retrovirus, lentivirus and adenovirus). In 2006, Takahashi and Yamanaka demonstrated that retrovirus-mediated introduction of four transcription factors (Oct-3/4, Sox2, c-Myc and KLF4) into mouse embryonic or adult fibroblasts and selection for the expression of Fbx15, a target of Oct-3/4 and Sox2, resulted in the generation of iPSCs, which exhibited the morphology and growth properties of ES cells and expressed ES cell marker genes (16, 17) . In 2009, Sommer et al (18) described the application of a single lentiviral vector expressing a 'stem cell cassette' composed of the four transcription factors and a combination of 2A peptide and internal ribosome entry site technology, generating iPSCs from postnatal fibroblasts. Using a doxycycline-inducible lentiviral system, Maherali et al (19) developed a strategy to induce human iPSCs formation at high efficiency, and they obtained 'secondary' human iPSCs at a frequency of at least 100-fold greater than the initial conversion upon addition of doxycycline to human iPSCs-derived differentiated cells. However, a major limitation of this technology by viral expression of the transcription factors is the use of potentially harmful genome-integrating viruses. Stadtfeld et al (20) obtained mouse iPSCs from fibroblasts and liver cells by using non-integrating adenoviruses transiently expressing Oct4, Sox2, Klf4 and c-Myc. These adenoviral iPSCs revealed DNA demethylation characteristic of reprogrammed cells, expressed endogenous pluripotency genes, formed teratomas and contributed to multiple tissues. However, viral integration into the host genome increases the risk of tumorigenicity, hindering its clinical applications (21) . In order to avoid the use of a viral vectors, Okita et al (12, 22) described an alternative method to generate iPSCs from MEF by continual transfection of plasmid vectors. However, the reprogramming efficiency of this protocol was very low. Previously, Yusa et al (13) reported an efficient piggyBac transposon-based approach to generate integration-free iPSCs in MEF. In the present study, piggyBac transposon-based reprogramming was successfully used to generate iPSCs in REF. Furthermore, PCDH-cPP-mPB-HIS was applied to successfully remove the piggyBac transposon, to obtain iPSCs clones without any genetic alteration.
Pluripotent mouse ES cells have been derived and maintained by using various empirical combinations of feeder cells, conditioned media, cytokines, growth factors, hormones, fetal calf serum and serum extracts. It has been reported that ES cells have an innate program for self-replication, which does not require extrinsic instruction (23) . The self-renewal factors present in embryonic carcinoma cell-derived conditioned medium may be responsible for the self-renewal capacity of embryonic carcinoma and ES cells independently of leukemia inhibitory factor signaling (24) . In the present study, the L-wnt3a feeding layer was applied to enhance ES cell adherence. In the culture of iPSCs, L-wnt3a with PD0325901 was able to maintain its pluripotent state. These findings indicated that Wnt3a activated Wnt in the conventional way to maintain its self-renewal.
Generally, chondrogenic differentiation of iPSCs may be achieved in EBs by co-culturing with chondrocytes or adding selected growth factors to the medium. Qu et al (25) studied whether co-culture with primary chondrocytes induces human ES cells or iPSCs to differentiate into chondrocyte lineages, and their results demonstrated that co-culture of human ES cells or iPSCs with primary chondrocytes induced specific chondrogenic differentiation. Wei et al (26) used a lentivirus to transduce iPSCs seeded in an alginate matrix with TGF-β1 and then co-cultured these iPSCs with chondrocytes in vitro. The authors observed an increased expression of cartilage-associated genes, including collagen II, aggrecan and cartilage oligomeric matrix protein, and decreased gene expression of the degenerative cartilage marker, vascular endothelial growth factor and the histological results also revealed a dense sulphated extracellular matrix in the co-culture of TGF-β1-transfected iPSCs with chondrocytes in the alginate matrix. Kuboth et al (27) demonstrated the induction of chondrogenic iPSCs differentiation by certain members of the TGF-β family (BMP-2, TGF-β1). Their results demonstrated that the number of Alcian blue-positive nodules and the expression of cartilage marker molecule collagen type II increased following application of BMP-2. In the present study, the combination of BMP-2 and TGF-β1 was used to enhance chondrogenic differentiation of iPSCs. The results revealed that extracellular matrix proteins of cartilage tissue (Type II collagen) were found to be highly expressed in EBs during culture. The gene expression analysis demonstrated that the established iPSCs differentiated into chondrocytes with increased expression of cartilage-associated genes, including collagen II and aggrecan.
Koyama et al (28) examined the chondrogenic differentiation capability of human iPSCs using a multistep culture method consisting of EB formation, cell outgrowth from EBs, monolayer culture of sprouted cells from EBs and 3-dimensional pellet culture. The authors identified that the cells in pellets exhibited a spherical morphology typical of chondrocytes and were surrounded by extracellular matrix that contained acidic proteoglycans following 2-3 weeks of pellet culture, and the expression of type II collagen and aggrecan in pellets progressively increased. Furthermore, BMP-2 treatment of iPSC-derived MSC-like micromass cultures resulted in a phenotype more typical of articular chondrocytes compared with the pellet culture differentiation, characterized by the enrichment of cartilage-specific type II collagen, decreased expression of type I collagen as well as lack of chondrocyte hypertrophy (29) . In the present study, cells were cultivated in 'hanging drops' for two days and subsequently in suspension in petri dishes for an additional three days. In the EB outgrowths derived from iPSCs, numerous Alcian blue-stained regions were found, indicating the presence of cartilaginous tissue.
In conclusion, the present study indicated that iPSCs may be generated by applying the piggyBac plasmid (carrying four or five genes) and the transposase mPB system. Particularly, the transposase mPB system was used to successfully remove the transposons-carried genes to obtain rat iPSCs without genetic modification. Additionally, the present study also revealed that the iPSCs were able to differentiate into chondrocytes in vitro.
